The cultivated peanut (Arachis hypogaea L.) is an allotetraploid composed of A and B genomes. The phylogenetic relationship among the cultivated peanut, wild diploid, and tetraploid species in the section Arachis was studied based on sequence comparison of stearoyl-ACP desaturase and oleoyl-PC desaturase. The topology of the trees for both fatty acid desaturases displayed two clusters; one cluster with A genome diploid species and the other with B genome diploid species. The two homeologous genes obtained for each of the two fatty acid desaturases from the tetraploid species A. hypogaea and A. monticola were separated into the A and B genome clusters, respectively. The gene phylogenetic trees showed that A. hypogaea is more closely related to the diploid species A. duranensis and A. ipaensis than to the wild tetraploid species A. monticola, suggesting that A. monticola is not a progenitor of the cultivated peanut. In addition, for the stearoyl-ACP desaturase, the A. duranensis sequence was identical with one of the sequences of A. hypogaea and the A. ipaensis sequence was identical with the other. These results support the hypothesis that A. duranensis and A. ipaensis are the most likely diploid progenitors of the cultivated tetraploid A. hypogaea.
The peanut, or groundnut (Arachis hypogaea L.), is a major commodity crop worldwide, which originated in South America (Simpson et al. 2001) . According to the most recent classification, the genus Arachis consists of 69 species and can be divided into nine sections based on morphological characteristics and hybridization data among the species (Krapovickas and Gregory 1994) . The section Arachis includes the cultivated peanut and wild species of both annual and perennial forms (Krapovickas and Gregory 1994) . All of the wild species identified in the section Arachis are diploid except A. monticola Krapov. and Rigoni, which, like the cultivated peanut, is an allotetraploid. All of the described wild species included in this section can hybridize with A. hypogaea (Krapovickas and Gregory 1994; Smartt and Stalker 1982; Stalker 1990; Stalker and Moss 1987) .
Cytological data identified three genomes (A, B, and D) in the section Arachis, with most of the diploid species representing the A genome (Stalker 1991; Stalker et al. 1991) . The A genome is characterized by a pair of chromosomes smaller than the other chromosomes; the B genome lacks this smaller chromosome pair. The D genome class consists of a single diploid species, A. glandulifera Stalker. Only a single B genome species, A. batizocoi Krapov. and W. C. Gregory, was initially recognized, but several more have been described (Fernández and Krapovickas 1994) . The cultivated peanut A. hypogaea is considered a segmental allotetraploid composed of the A and B genomes (Husted 1933; Strebbins 1957) , with probable origin by amphidiploidization of an AB hybrid (Singh 1988; Singh and Moss 1984) .
The relationship of the cultivated peanut to its wild relatives and the identification of diploid ancestors have been the emphasis of many studies. A. monticola has been considered to be the most likely candidate for a direct ancestor of the cultivated peanut because this species is also an allotetraploid composed of the A and B genomes, and is located in the same region of South America from which the cultivated peanut is thought to have originated (Simpson et al. 2001) . A. monticola successfully hybridizes with A. hypogaea and produces fertile F 1 hybrids. However, some investigators considered A. monticola to be a weedy subspecies of A. hypogaea instead of a progenitor (Gregory and Gregory 1976; Kochert et al. 1991; Singh and Moss 1984; Stalker and Moss 1987) .
The diploid ancestors of the tetraploid species have not been conclusively determined. Several diploid species in the section have been suggested as ancestors based on various methods of evaluation. Morphological descriptions, phytogeographical evidence, cytogenetic investigation, hybridization data, and molecular analysis have all been utilized to identify possible A and B genome progenitors. Proposed candidates for the A genome have been A. cardenasii Krapov. and W. C. Gregory (Singh and Moss 1982; Smartt et al. 1978) , A. duranensis Krapov. and W. C. Gregory (Kochert et al. 1991; Paik-Ro et al. 1992; Singh and Moss 1984) , A. correntina (Burkart) Krapov. and W. C. Gregory (Murty and Jahnavi 1986) , and A. villosa Benth. (Raina and Mukai 1999; Raina et al. 2001 ). For some time, A. batizocoi was the only known B genome species and therefore it was usually considered to be one of the progenitors. However, more recent restriction fragment length polymorphism (RFLP) evidence suggests that the B genome donor is not A. batizocoi, but A. ipaensis Krapov. and W. C. Gregory or a closely related form (Kochert et al. 1996) . In addition, RFLP analysis of chloroplast DNA determined that A. duranensis was the female parent of the original hybridization event (Kochert et al. 1996) . Cytogenetic studies have shown that A. ipaensis is a B genome form, making the cytogenetic and molecular data consistent (Fernández and Krapovickas 1994) .
The goal of this study was to utilize DNA sequences of specific gene regions to obtain additional evidence for which diploid species were phylogenetically closest to the individual gene copies in the allotetraploids. This analysis provides additional evidence for identification of the putative progenitor species. We have chosen two of the major fatty acid desaturase genes for this purpose; these encode stearoyl-ACP (acyl carrier protein) desaturase and oleoyl-PC (phosphatidyl choline) desaturase, whose proteins are localized in the chloroplast and endoplasmic reticulum, respectively. Stearoyl-ACP desaturase introduces the first double bond in the fatty acid chain and thereby catalyzes the first step in polyunsaturated oil synthesis. Oleoyl-PC desaturase places the second double bond in the fatty acid chain.
We have isolated and characterized two homeologous gene sequences encoding stearoyl-ACP desaturases (ah-FAD1A and ahFAD1B) from the cultivated allotetraploid peanut, A. hypogaea (Tate 1994) . The sequence analysis revealed a restriction site polymorphism (RsaI site) between the reading frame sequence of ahFAD1A and ahFAD1B that is also characteristic for gene sequences from A and B genome diploids (Tate 1994) . Using this restriction site polymorphism, we showed that both genes are expressed in the developing seeds of A. hypogaea (Jung 2000; Jung et al. 2000b) . For the microsomal oleoyl-PC desaturase, two putative homeologous gene sequences (ahFAD2A and ahFAD2B) were isolated and characterized from the cultivated allotetraploid peanut, A. hypogaea (Jung et al. 2000b) . As evidenced by the existence of cDNAs for both homeologous genes isolated from a cDNA library of the developing peanut seeds and an reverse transcriptase polymerase chain reaction (RT-PCR)/restriction digestion study, it was determined that both ahFAD2A and ahFAD2B are expressed in A. hypogaea (Jung et al. 2000b ). In addition, two different alleles could be identified for ahFAD2A. One of the two ahFAD2A alleles (ahFAD2A-2) gives rise to the functional enzyme and the other (ahFAD2A-1) to a much less active enzyme ( Jung et al. 2000a ). ahFAD2A-1 was found to have a mutation (D150N) in a residue near a conserved histidine region (HX 2 HH) that is crucial for enzyme function ( Jung et al. 2000a) .
In this article we examine the phylogenetic relationship of the cultivated peanut A. hypogaea to its possible progenitors, the wild allotetraploid species A. monticola and diploid species of the genus representing A and B genome species, as well as a D genome species. Maximum parsimony analyses based on the sequences of the two fatty acid desaturase genes were performed to establish the phylogenetic relationship.
Materials and Methods
Genomic DNA Amplification by PCR DNA was isolated from the leaves of the A. hypogaea ssp. fastigiata var. vulgaris (Table 1) by the CTAB Mini-Prep DNA extraction protocol of Rogers and Bendich (1985) . DNA from five diploid wild species (Table 1 )-A. batizocoi, A. cardenasii, A. duranensis, A. ipaensis, A. glandulifera-and one wild tetraploid-A. monticola-was isolated by the procedure described in Kochert et al. (1991) . Leaves always represented a collection of plants from each accession.
The PCR was used to amplify a region (877 bp) of stearoyl-ACP desaturase from the above species. The primers were derived from A. hypogaea sequences (GenBank accession no. AF172728). The primer sequences used to amplify this region were as follows: forward primer 59-GGGCAGTTTG-GACAAGGGCA-39 (F3) and reverse primer 59-ATA-GTCCTTGGCAGTG-39 (R7). A region (1133 bp) of oleoyl-PC desaturase was also amplified from the above species using primers derived from A. hypogaea sequences (GenBank accession no. AF272950). The primer sequences were as follows: forward primer 59-CACTAAGATT-GAAGCTC-39 (F0.7) and reverse primer 59-CTCTGAC-TATGCATCAG-39 (R1). The amplifications were accomplished in 50 ll reactions with 100 ng of genomic DNA, 0.2 mM each dNTPs, 15 mM MgCl 2 , 20 pmol of each primer, 2.5 units of Taq DNA polymerase, and the buffer supplied by the manufacturer (Fisher Scientific). PCR temperature cycling was performed as follows: 948C for 4 min for one cycle; 948C for 30 sec, 558C for 1 min, 728C for 2 min for 35 cycles; 728C for 4 min using the Perkin-Elmer 480 DNA thermal cycler (Norwalk, CT). The PCR products from A. monticola were cloned into pCR4-TOPO vector (Invitrogen) or pGEM-T Easy (Promega) for the other species following the manufacturer's instructions. The plasmid DNA was isolated using the ABI Prism Miniprep Kit (PE Applied Biosystems), following the manufacturer's protocol. The cloned amplification products were addressed with the gene name and a suffix representing the first letter of the genus and the species to distinguish the sequences according to their origin. Gene names and symbols from the various peanut species used in the phylogenetic analyses are given in Table 2 .
Sequencing of PCR Products
All purified fragments were sequenced using either a Dye Terminator Cycle Sequencing Kit (Perkin-Elmer) or a ThermoSequenase Kit (Amersham Life Sciences). The sequencing reactions were accomplished following the manufacturer's instructions. The sequencing was done using either an Applied Biosystems 373A DNA Sequencer (Applied Biosystems) or a Li-Cor 4200L sequencer (Licor Biosciences) according to the manufacturer's instructions.
PAUP Analysis
Nucleotide sequences were analyzed using GeneWorks version 2.0 (IntelliGenetics). The aligned sequence data were analyzed by the maximum parsimony method using PAUP 4.0 b2 (Phylogenetic Analysis Using Parsimony; D. Swofford, Smithsonian Institution, Washington, DC). Searches for optimal trees were done by an exact method (branch-and-bound search) without any topological constraints (Swofford 1991) . Alignment gaps were treated as an additional character state, as they are derived from insertion/ deletion and not from missing data. Bootstrap (1,000 replicates) analyses were performed on data to place confidence estimates on groups contained in the most parsimonious trees generated (Felsenstein 1985) . The data are presented as an unrooted cladogram, since there are no sequence data available from a closely related sister group of peanut that could be used as an outgroup. It has been suggested that a radial tree is the better choice if we do not know where the root lies (Hall 2001) .
Results

Phylogenetic Relationship Based on Exon and Intron Sequences of Stearoyl-ACP Desaturase
The phylogenetic relationship among the cultivated tetraploid species A. hypogaea, five wild diploid species (A. batizocoi, A. cardenasii, A. duranensis, A. glandulifera, and A. ipaensis) and one wild tetraploid species (A. monticola) was determined by comparing the sequences of the stearoyl-ACP desaturase gene in these species. The 1 kb region of stearoyl-ACP desaturase, which was amplified from the genomic DNA by PCR using primers derived from A. hypogaea sequences, covered two exons and one intron. In A. hypogaea, these primers amplified two sequences (ahFAD1A and ahFAD1B). For each of the diploid species, one sequence was obtained and two different sequences were amplified from the wild tetraploid species (A. monticola), these were designated as amFAD1A and amFAD1B.
To determine whether there are any differences in the rate of evolution between untranslated and translated regions, maximum parsimony analyses were performed separately for the 375 bp sequences from two exons and the 502 bp sequences from the intron. A branch-and-bound search using exon sequences of stearoyl-ACP desaturase yielded one most parsimonious tree ( Figure 1A ). The topology of the tree based on the exon sequences depicted two major clusters; one includes genes of diploid A genome species A. cardenasii (acFAD1) and A. duranensis (adFAD1), as well as one sequence from the tetraploid species A. hypogaea (ahFAD1A) and A. monticola (amFAD1A), and the other includes genes of diploid B and D genome species as well as the second sequence from the tetraploid species A. hypogaea and A. monticola ( Figure 1A ). The latter cluster can be subdivided into two groups; one with sequences from A. ipaensis (aiFAD1), A. monticola (amFAD1B), and A. hypogaea (ahFAD1B), the other with sequences from A. batizocoi (abFAD1) and A. glandulifera (agFAD1). Bootstrap values, indicating the percentage a node was supported in 1000 replicates, strongly supported the topology of the tree ( Figure 1A) . A similar result was obtained from the analysis of a 502 bp sequence from a single intron region of stearoyl-ACP desaturase ( Figure 1B ). It was notable that the sequences were identical between A. duranensis sequence adFAD1 and A. hypogaea sequence ahFAD1A, and between A. ipaensis sequence aiFAD1 and A. hypogaea sequence ahFAD1B in both of the intron and exon regions examined. For the exon regions analyzed, the A. cardenasii sequence acFAD1 was also the same as the ahFAD1A sequence, but there were significant differences in the intron region. A. monticola sequences amFAD1 and amFAD1B were grouped either with ahFAD1A or ahFAD1B, but were not identical, as in the case of A. duranensis or A. ipaensis.
Phylogenetic Studies Based on Sequences of Oleoyl-PC Desaturase
Similar analyses were done with gene sequences coding for microsomal oleoyl-PC desaturases. The FAD2 gene sequences of the putative progenitor species (A. batizocoi, A. cardenasii, A. duranensis, A. ipaensis, and A. monticola) as well as A. glandulifera, representing the D genome, could be amplified from the genomic DNA using primers derived from A. hypogaea sequences. These primers amplified three sequences in A. hypogaea (ahFAD2A-1, ahFAD2A-2, and ahFAD2B). For each of the diploid species, one sequence was obtained and three different sequences were amplified from A. monticola. Two of the A. monticola sequences (amFAD2A-1 and amFAD2A-2) were similar to ahFAD2A and the other (amFAD2B) was similar to ahFAD2B, suggesting that amFAD2A-1 and amFAD2A-2 might be alleles of the same gene as in A. hypogaea. Of interest is that amFAD2A-1 and ahFAD2A-1 share the same nucleotide change near a conserved histidine region (HX 2 HH) that results in the change (D150N) in a residue that is absolutely conserved among other oleoyl-PC desaturases (Table 3) . However, apart from this identical mutation site, both A. monticola sequences (amFAD2A-1 and amFAD2A-2) show at least one other sequence difference in comparison to the A. hypogaea sequences (ahFAD2A-1 and ahFAD2A-2), indicating that the observed sequence changes might have occurred independently in both tetraploid species. Both alleles of amFAD2A and ahFAD2A were included in the phylogenetic analysis. The parsimony analysis was based on the 1.1 kb sequence from the coding region of oleoyl-PC desaturase amplified Figure 1 . Phylogenetic tree based on the nucleotide sequence of stearoyl-ACP desaturase genes from the cultivated allotetraploid peanut and wild diploid and tetraploid species. An unrooted cladogram of the single most parsimonious tree was generated from data files with either (A) 375 bp exon or (B) 502 bp intron sequences using the PAUP program. The numbers of nucleotide changes are shown and the numbers in parentheses represent bootstrap values (percentage of 1,000 replicates). ahFAD1A and ahFAD1B are two homeologous genes from the cultivated tetraploid peanut, A. hypogaea (A and B genomes); amFAD1A and amFAD1B are two homeologous genes from the wild tetraploid species A. monticola (A and B genomes); adFAD1, acFAD1, aiFAD1, abFAD1, and agFAD1 are sequences from A. duranensis (A genome), A. cardenasii (A genome), A. ipaensis (B genome), A. batizocoi (B genome), and A. glandulifera (D genome), respectively. from the genomic DNA of the diploid and tetraploid species. A single most parsimonious tree was generated following a branch-and-bound search (Figure 2 ). The tree topology showed two major groups; one included both alleles of ahFAD2A, both alleles of amFAD2A, and A. duranensis sequence adFAD2, the other included sequences of ahFAD2B, amFAD2B, and A. ipaensis sequence aiFAD2. The sequences from A. cardenasii (acFAD2 ) and A. glandulifera (agFAD2) were clearly separated from these two clusters. A. duranensis sequence adFAD2 shows two sequence differences to the A. hypogaea sequences ahFAD2A-1 and ahFAD2A-2 from which one is common. The sequences for ahFAD2B and amFAD2B are identical, whereas aiFAD2 shows a single nucleotide difference to ahFAD2B and amFAD2B.
Discussion
The polyploid nature of A. hypogaea suggests that the cultivated peanut arose from the genome doubling of an interspecific hybrid within the section Arachis. The identification of this parental hybrid, consisting of an A and B chromosome complement, is unresolved. Kochert et al. (1991 Kochert et al. ( , 1996 utilized RFLP and band-sharing methods to demonstrate that one genome of cultivated peanut is most closely related to A. duranensis (A genome) and the other genome to A. ipaensis (B genome). Paik-Ro et al. (1992) also studied RFLP data of several wild diploids and determined that the genetic distance between the cultivated peanut and A. duranensis is the closest among the species investigated.
The tree topologies generated by our sequence data from diploid and tetraploid species of the section Arachis separated A genome-like sequences from B genome-like sequences for both investigated fatty acid desaturases. The bootstrap analysis generated high confidence levels and supports the divergence of different lineages within the section Arachis. The trees clearly separated the two homeologous genes of the fatty acid desaturases from A. hypogaea and A. monticola, and placed one of the genes with A. ipaensis, while the other grouped with A. duranensis. Thus A genome-like species and B genome-like species are represented on our trees and support the allotetraploid nature of the cultivated peanut. Our data also demonstrate that A. batizocoi may not be the B genome donor, but rather a representative of a distinct and unique group, clustering together with the D genome species A. glandulifera. The possibility that A. batizocoi is not an ancestor to the cultivated peanut was first suggested by Smartt et al. (1978) and the hypothesis was based on flower morphology (i.e., flower color) and chromosome characteristics (i.e., satellite size). Molecular data have supported this hypothesis (Kochert et al. 1996; Paik-Ro et al. 1992; Singh et al. 2002) . The data from Kochert et al. (1996) indicated that A. batizocoi clusters with A. glandulifera rather than with A. ipaensis (B genome species). This is in agreement with a previous report that the RFLP analysis (Paik-Ro et al. 1992) and molecular data using single-primer DNA amplifications (Halward et al. 1992 ) clustered A. glandulifera with A. batizocoi, but separately from the A genome species. In our study we included most of the diploid and tetraploid wild species that have been controversially discussed as the most likely putative progenitors of A. hypogaea in the previous literature. However, we did not include A. correntina, suggested by Murty and Jahnavi (1986) , and A. villosa.
More recently, Raina and Mukai (1999) proposed A. villosa and A. ipaensis to be the most likely genome donors of the tetraploid species based on in situ hybridization at the rDNA and 5S RNA loci and centromere banding pattern. Random amplified polymorphic DNA (RAPD) and intersimple sequence repeat (ISSR) data support this hypothesis (Raina et al. 2001) . However, previous studies including A. villosa and A. correntina (Kochert et al. 1991 (Kochert et al. , 1996 found little in common among A. villosa, A. correntina, and A. hypogaea.
Our data show that A. hypogaea sequences are highly conserved with A. duranensis and A. ipaensis sequences. In fact, the sequences in both intron and exon regions of stearoyl-ACP desaturase examined in this study are identical. These data, based on sequence comparisons, corroborate previous reports that A. duranensis and A. ipaensis are likely progenitor species for A. hypogaea (Kochert et al. 1991; PaikRo et al. 1992; Singh and Moss 1984) .
Arachis hypogaea sequences were more closely related to putative diploid progenitor sequences than to wild tetraploid Table 3 . Comparison of the nucleotide and the deduced amino acid sequence of a conserved histidine region (HX 2 HH) of oleoyl-PC desaturases in various alleles from tetraploid and diploid species in section Arachis
Gene
Nucleotide sequences Amino acid sequences
Histidine (H) residues of this histidine region are shown in bold. The nucleotide differences between the sequences are underlined. However, only the G to A change leads to an amino acid exchange (boxes) from aspartic acid (D) to asparagine (N), whereas the C to A change is silent.
A. monticola sequences. This suggests that A. monticola is not a direct ancestor of A. hypogaea. However, the presence of the two FAD2A alleles, especially the single identical site of a nucleotide difference near the conserved histidine region, could suggest a common ancestor for A. monticola and A. hypogaea. This would be in accordance with previous reports concluding that A. monticola is a weedy derivative of A. hypogaea (Gregory and Gregory 1976; Kochert et al. 1991; Singh and Moss 1984; Stalker and Moss 1987) . However, this would require explaining the different mutation rates between A. monticola and A. hypogaea in comparison to the diploid progenitor species. Natural selection of A. monticola versus selection after domestication for A. hypogaea may result in different mutation rates. Domestication can lead to a decrease in genetic diversity. A narrow genetic base characterizes the cultivated peanut, as only very few polymorphisms can be detected in A. hypogaea using different molecular techniques (He and Prakash 1997; Hopkins et al. 1999; Raina et al. 2001; Stalker and Mozingo 2001) . On the other hand, it might be considered a testable hypothesis that the two species, A. monticola and A. hypogaea, may have originated from two separate hybridization events. The larger divergence of A. monticola sequences from the putative diploid species might indicate that the hybridization event leading to A. monticola represents a more ancient event than the one from which A. hypogaea was derived or that different accessions may have been involved. The sequence changes separating the different alleles of FAD2A of both tetraploid species would then have occurred independently. Investigating different accessions of the diploid and tetraploid species may give a clearer picture on this hypothesis. According to Gimenes et al. (2002) , A. duranensis showed little polymorphism within accessions but high polymorphism among different accessions. A. cardenasii showed high polymorphism within and between the two accessions analyzed, and A. batizocoi showed low polymorphism within and among the accessions.
Our study shows that sequence comparison can give additional evidence regarding the relationship among species in the genus Arachis. However, more data, especially regarding species variation, are necessary to definitely define the origin of the cultivated peanut. Figure 2 . Phylogenetic tree based on the nucleotide sequence of oleoyl-PC desaturase genes from the cultivated allotetraploid peanut and wild diploid and tetraploid species. An unrooted cladogram of the single most parsimonious tree was generated from data files with 1.1 kb coding sequences using the PAUP program. The numbers of nucleotide changes are shown and the numbers in parentheses represent bootstrap values (percentage of 1,000 replicates). ahFAD2A-1(2) and ahFAD2B are homeologous genes from the cultivated tetraploid peanut, A. hypogaea (A and B genomes); amFAD2A-1(2) and amFAD2B are two homeologous genes from the wild tetraploid species A. monticola (A and B genomes); adFAD2, acFAD2, aiFAD2, and agFAD2 are sequences from A. duranensis (A genome), A. cardenasii (A genome), A. ipaensis (B genome), and A. glandulifera (D genome), respectively.
